Transcriptional silencing at the budding yeast silent mating type (HM) loci and telomeric DNA regions requires Sir2, a conserved NAD-dependent histone deacetylase, Sir3, Sir4, histones H3 and H4, and several DNA-binding proteins. Silencing at the yeast ribosomal DNA (rDNA) repeats requires a complex containing Sir2, Net1, and Cdc14. Here we show that the native Sir2/Sir4 complex is composed solely of Sir2 and Sir4 and that native Sir3 is not associated with other proteins. We further show that the initial binding of the Sir2/Sir4 complex to DNA sites that nucleate silencing, accompanied by partial Sir2-dependent histone deacetylation, occurs independently of Sir3 and is likely to be the first step in assembly of silent chromatin at the HM loci and telomeres. The enzymatic activity of Sir2 is not required for this initial binding, but is required for the association of silencing proteins with regions distal from nucleation sites. At the rDNA repeats, we show that histone H3 and H4 tails are required for silencing and rDNA-associated H4 is hypoacetylated in a Sir2-dependent manner. However, the binding of Sir2 to rDNA is independent of its histone deacetylase activity. Together, these results support a stepwise model for the assembly of silent chromatin domains in Saccharomyces cerevisiae.
The packaging of DNA into chromatin appears to play a central role in the regulation of nearly every aspect of gene transcription. In particular, an increasing number of complexes associated with the activation or repression of transcription have been shown to contain chromatin remodeling activity or enzymes that covalently modify histones or both (25, 30) . The silent mating type loci (HML and HMR) and telomeric DNA regions in the budding yeast Saccharomyces cerevisiae are packaged into a specialized chromatin structure that silences transcription and, like heterochromatin in metazoans, is epigenetically inherited (29; reviewed in reference 19) . Moreover, a distinct example of silencing occurs at the highly repetitive yeast ribosomal DNA genes (rDNA) where RNA polymerase II reporter genes inserted within the repeats are inactivated (8, 13, 53) . Silent chromatin is also associated with DNA regions that are involved in chromosome maintenance and transmission, such as telomeres in budding yeast and centromeres in many other eukaryotes. In these regions, silencing appears to play a structural role that is independent of transcriptional repression (1) .
Silencing at each of the above loci requires Sir2, a highly conserved protein which possesses an intrinsic NAD-dependent protein and histone deacetylation activity (2, 8, 13, 24, 31, 36, 48, 53, 54) . Sir2 is an unusual deacetylase in that it couples deacetylation to the hydrolysis of a high-energy bond in NAD and transfers the acetyl group from its protein substrate to ADP-ribose to generate a novel compound, 2Ј,3Ј-O-acetyl-ADP-ribose (35, 49, 59, 61) . Mutations that abolish the in vitro activity of Sir2 result in a complete loss of silencing in vivo, suggesting that direct deacetylation and/or another aspect of this activity is required for silencing (24, 60, 61) .
Genetic and biochemical evidence suggests that Sir2 is a component of two distinct complexes that carry out its telomeric/mating type and rDNA-silencing activities, respectively (16, (40) (41) (42) 57) . Sir2 binds to Sir4 affinity columns and coimmunoprecipitates with Sir4 from yeast extracts (40, 41, 55) . Although Sir2 or Sir4 immunoprecipitates contain only trace amounts of Sir3 (41) , Sir3 and Sir4 interact in two-hybrid assays (42) , and truncations of the Sir4 protein can associate efficiently with Sir3 (41) , suggesting that the three proteins interact physically at some stage during the assembly of telomeric/HM silent chromatin (22, 23, 41, 42) . At the rDNA repeats, Sir2 assembles with a different set of proteins into a second complex called RENT (regulator of nucleolar silencing and telophase exit) (52, 57) . In addition to Sir2, RENT contains at least two other proteins, Net1 and Cdc14 (52, 57) , and Net1 is required for the localization of Sir2 to rDNA and for rDNA silencing (57) . Despite their central role in gene silencing, neither Sir2-containing complex has been purified to homogeneity. In particular, the molecular composition of the complex containing the Sir2 and Sir4 proteins or the putative Sir3 complex has not been defined.
The amino termini of histones H3 and H4 play an essential role in silencing at the HM loci and telomeres (2, 29) . At these loci, the H3 and H4 N termini are fully hypoacetylated, and a number of studies suggest that this hypoacetylated state is critical for silencing and provides a binding site for the Sir3 and Sir4 proteins (6, 7, 22, 26, 58) . The discovery of histone deacetylation activity in Sir2 provides a direct link between Sir2-containing silencing complexes and the hypoacetylated state of histone tails in silent chromatin domains (24, 36, 54) . However, the idea that Sir2 deacetylates histones in vivo has not been tested. Furthermore, while a strong genetic link exists between silencing and histone hypoacetylation at HM loci and telomeres, the role of histone tails in rDNA silencing is unknown. Thus, it is unclear whether Sir2 activity at rDNA is required to deacetylate histones or other proteins.
Little is known about how the Sir proteins assemble onto chromatin and what role, if any, each Sir protein might have in the initial nucleation, stable association, and spreading of silent domains. Immunoprecipitation of chromatin from in vivo cross-linked cells has shown that Sir2 and its associated proteins are structural components of silent chromatin domains (17, 23, 57) . Moreover, the association of each Sir2, Sir3, and Sir4 with extended silent chromatin regions at the HM loci and telomeres is disrupted in cells that carry a single deletion of either gene, suggesting that the three proteins are recruited to chromatin in a cooperative fashion or as components of a single complex (55) . However, these studies do not distinguish between interactions that may be involved in nucleation of silent chromatin domains from those that may be required for the spreading of silencing proteins away from nucleation sites.
To gain better insight into the nature of the yeast silencing complexes, we purified each of the Sir proteins to near homogeneity using a tandem-affinity purification (TAP) approach. Despite their large apparent sizes, the composition of the purified complexes is surprisingly simple. A large complex of approximately 700 kDa, purified using affinity tags on Sir4, is composed of Sir2 and Sir4. A smaller complex of approximately 450 kDa, purified using tagged Sir3, is composed primarily of Sir3. Having defined the composition of these complexes, we determined the requirement for individual silencing proteins and the NAD-dependent deacetylase activity of Sir2 for assembly of each of the above proteins on chromatin. Our results show that the enzymatic activity of Sir2 is not absolutely required for the association of the Sir proteins with DNA sites that initiate silencing at the HM loci and telomeres or for the binding of Sir2 itself to rDNA. However, at the HM loci and telomeres, Sir2 and it enzymatic activity are required for the efficient association of the Sir proteins with DNA regions that are distal from nucleation sites.
Furthermore, by testing the requirement for each Sir protein in the assembly of silencing complexes on chromatin, we found that the Sir2 and Sir4 proteins could partially associate with silencers and DNA regions immediately adjacent to telomeric repeats, independently of Sir3. These results define independent steps in assembly of the Sir proteins at sites that nucleate the initiation of silent chromatin and suggest that Sir4 is the most upstream protein in the assembly pathway. Finally, we show that histone H4 is hypoacetylated in silent chromatin domains in a Sir2 activity-dependent manner and that, similar to what has been described previously for the HM loci and telomeres, the N termini of histones H3 and H4 play a critical role in rDNA silencing.
MATERIALS AND METHODS
Plasmids and yeast strains. pDM271 contains an EagI-HindIII fragment corresponding to the region coding for green fluorescent protein (GFP) in a pRS304 backbone. To create SIR2-GFP alleles, a portion of the SIR2 open reading frame was PCR amplified from plasmids that contained either wild-type SIR2 or sir2-H364Y. The PCR products were digested with SacI (cuts uniquely in SIR2) and EagI (introduced by PCR) and fused in frame to the N terminus of GFP in plasmid pDM271 to create plasmids pJT18 (SIR2-GFP) and pJT19 (sir2-H364Y-GFP). pDM267 was constructed by subcloning a PCR-generated Asp718-EagI fragment containing the C-terminal 150 amino acids of Sir3 and an EagI-HindIII fragment containing GFP(S65T, V167A) into the Asp718-and HindIII-digested Yplac111, a yeast LEU2-marked integrating vector. A SacI-HindIII fragment containing the SIR3-GFP fragment from pDM267 was subcloned into pMR52, a derivative of pRS306 containing the ACT1 terminator, to generate pDM272 (SIR3-GFP-URA3). pDM274 was constructed by subcloning a PCR-generated GFP fragment into the EcoRI site of pDM158 to replace the six-histidine-three hemagglutinin (6HIS-3HA) tag with GFP. pDM158 contains the entire SIR4 open reading frame fused to 6HIS-3HA. pSIR2-LEU2, pSIR2-H364Y-LEU2, and pSIR2-G262A-LEU2 have been described previously (61) . pDM554 (psir4⌬::LEU2) was a gift from A. Kahana and Dan Gottschling.
pDM311 (HIS3-mURA3::rDNA) was constructed by ligation of a 1-kb EcoRIXhoI fragment containing a portion of the rDNA nontranscribed spacer region and an EcoRI-EagI fragment containing the mURA gene (53) into pRS303 digested with XhoI and EagI.
Yeast strains used in this study are listed in Table 1 . Transformations of all yeast strains were performed by the lithium chloride method (21) . To create SIR2-GFP strains, plasmids pJT18 and pJT19 were integrated at the SIR2 locus in strain BJ5459 after digestion with BglII. This yielded strains DMY1247 (SIR2-GFP) and DMY1249 (sir2-H364Y-GFP). To create the SIR3-GFP strains used in the experiments shown in Fig. 5 , plasmid pDM272 was integrated at the SIR3 locus in strain JRY3433 after digestion with XhoI. This yielded strain DMY1943. This strain was then transformed with plasmid pSIR2-LEU2 or pSIR2-H364Y-LEU2, generating strains DMY2165 and DMY2166, respectively.
To create the GFP-SIR4 strains, plasmid pDM274 was integrated at the SIR4 locus in strain JRY3433 after digestion with SphI. This yielded strain DMY1944, which was then transformed with plasmid pSIR2-LEU2 or pSIR2-H364Y-LEU2 to generate strains DMY2167 and DMY2168, respectively. rDNA silencing strains (see Fig. 4C ) were made by transforming plasmid pDM311 cut with either SmaI or NheI for integration into RDN1 and HIS3, respectively. Construction of sir2-H364Y and sir2-G262A has been described previously (61) . DMY1706 and DMY1737 were constructed by integration of the TAP tag immediately before the stop codon of the SIR3 and SIR4 genes, respectively, as described previously (47) . Correct integration was confirmed by PCR.
Purification of Sir proteins. Sir3-TAP was purified from 10 to 20 g of yeast cells lysed by grinding with dry ice in a coffee grinder for 5 min, followed by grinding under liquid nitrogen with a mortar and pestle for 20 min. The yeast powder was resuspended in 2 volumes of lysis buffer (10 mM Tris [pH 7.5], 500 mM NaCl, 50 mM NaF, 50 mM sodium ␤-glycerophosphate [pH 7.4], 1 mM EDTA, 1 mM EGTA, 1 mM NaVO 4 , 5% glycerol, 0.5% NP-40, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], and one tablet of protease inhibitor cocktail [Roche] per 50 ml of lysis buffer), stirred for 30 min on ice, and then centrifuged at 30,000 ϫ g for 15 min, and 100,000 ϫ g for 1 h. Sir3-TAP was purified from the resultant 40 ml of 12-mg/ml clarified extract as previously described except that tobacco etch virus cleavage was performed at 4°C overnight (47) .
After purification, 5% of each fraction was separated on a polyacrylamide gel and silver stained. Purified Sir3-calmodulin-binding peptide (CBP) (20% of fraction 3; Fig. 1A ) and 3 mg of the starting clarified extract were diluted into 0.5 ml of SC buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.1% NP-40, 1 mM DTT, 0.1 mM PMSF, and 2 g of purified glutathione S-transferase [GST] per ml for the column run of purified Sir3-CBP) and injected onto a Superose 6 (Pharmacia) sizing column that had been equilibrated in SC buffer. Then 1-ml fractions were collected and either diluted into 2ϫ sample buffer (extract) or precipitated with trichloroacetic acid (purified), and 1% of the extract fractions and 25% of the purified fractions were blotted with an anti-Sir3 antibody (1:2,500). Similar results were obtained when Sir3-TAP was purified using lower ionic strength buffers (Ϸ150 mM NaCl), but the background of nonspecific proteins in these experiments was higher.
Sir4-TAP was purified under similar conditions from 50 to 100 g of yeast cells resuspended in 1 to 2 volumes of lysis buffer (50 mM HEPES [pH 7.6], 100 mM NaCl, 50 mM NaF, 80 mM ␤-glycerophosphate, 1 mM EDTA, 1 mM EGTA, 5% glycerol, 0.1% NP-40, 10 mM ␤-mercaptoethanol, 1 mM PMSF, and one tablet 4168 HOPPE ET AL. MOL. CELL. BIOL.
of protease inhibitor cocktail per 50 ml of lysis buffer) and lysed either by grinding under liquid nitrogen or by agitation with glass beads using a BioSpec bead beater. Protein identification: in-gel trypsin digestion, nanoscale microcapillary liquid chromatography-mass spectrometry, and computer database spectral matching. An adaptation of previous methods was used for protein identification (45) . Briefly, silver-stained gels were dried in a cellophane sandwich without heat prior to analysis. Bands selected for identification were excised from the dried gel with a scalpel and rehydrated with purified water. The cellophane was removed, followed by in-gel digestion with trypsin as previously described (50) . Digested samples were pressure loaded onto a fused silica microcapillary C 18 column (Magic; Michrom BioResources, Auburn, Calif.) prepared in-house (75 m inner diameter, 9.5 cm long). An Agilent 1100 high-pressure liquid chromatography (HPLC) system (Agilent Technologies, Palo Alto, Calif.) was used to deliver a gradient across a flow splitter to the column over 40 min. The column eluant was directed into an LCQ-DecaXP electrospray ion-trap mass spectrometer (ThermoFinnigan, San Jose, Calif.), and eluting peptides were dynamically selected for fragmentation by the operating software. The peptide fragmentation spectra were data searched against the nonredundant protein database using the Sequest computer algorithm (10) . We typically obtained 25 to 50% sequence coverage for each protein.
Chromatin immunoprecipitation. Chromatin immunoprecipitation was performed as described previously with the following modifications (33, 55, 58) : 100 ml of yeast cells were grown to an optical density at 660 nm (OD 660 ) of 1.5 and cross-linked with 1% formaldehyde for 15 to 20 min at room temperature. Cross-linking was stopped, cells were washed and resuspended in lysis buffer (50 mM HEPES-KOH [pH 7.5], 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 0.1% sodium deoxycholate, 1 mM PMSF, protease inhibitor cocktail) at 5 ϫ 10 9 cells per 500 l. Lysis was performed using zirconia-silica beads (BioSpec) in a mini-bead beater (BioSpec) with 4 pulses of 90 s followed by 90 s on ice. The lysate was sonicated three times at 4°C for 20 s using a Branson digital sonifier 450 equipped with a microtip to generate a mean DNA size of 0.1 to 1 kb. After centrifugation, the whole-cell lysate (WCL) was frozen in liquid nitrogen for storage.
Immunoprecipitations were carried out with either 1 l of rabbit anti-Sir2 antibody, 0.5 l of rabbit anti-Sir3 antibody (60), or 1 l of anti-Sir4 antibody per 150 l of WCL or 1.5 l of anti-acetyl-H4 per 50 l of WCL (Upstate Biotechnology) overnight at 4°C. Immune complexes were collected and washed, crosslinks were reversed, and DNA was precipitated as previously described. PCRs were carried out in a volume of 12.5 l with 1/50 to 1/200 of the immunoprecipitated material and 1/12,500 to 1/25,000 of input material. The reaction was carried out with 0.5 M primers, 0.1 mM deoxynucleoside triphosphates, and 0.1 mCi of [␣- 32 P]dCTP (specific activity, 3,000 Ci/mmol) per ml. The number of cycles was determined in initial experiments using twofold dilutions to ensure linearity of the signal. Cycling parameters were 1 cycle of 95°C for 2 min, 55°C for 30 s, and 72°C for 1 min, followed by cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final step at 72°C for 4 min. Typically, 20 cycles were used for rDNA and 26 cycles for telomeres and HM loci. Samples were run on 6 or 8% polyacrylamide gels at 100 V for 1 h. The dried gel was exposed to a Phosphorimager screen and screened on a Bio-Rad Phosphorimager. Quantification was performed using QuantityOne software (Bio-Rad). The sequences of the PCR primers used in the chromatin immunoprecipitation experiments are shown in Table 2 .
Microscopy. GFP fluorescence was monitored in live cells grown to log phase in synthetic medium containing 22 mM sodium citrate (56) . Cells were visualized on a Nikon Eclipse E800 microscope, and images were captured using a monochrome charge-coupled device camera (Princeton Instruments). Images were processed using the Metamorph software. Immunofluorescence experiments were carried out as previously described using a 1:2,000 dilution of rabbit anti-GFP and 1:1,000 dilution of mouse anti-Nop1 (3, 57) . Secondary antibodies, fluorescein isothiocyanate-anti-rabbit immunoglobulin (Ig) conjugate and rhodamine-anti-mouse immunoglobulin conjugate, were used at a 1:100 dilution.
Silencing assays. rDNA silencing assays were performed as previously described (53) . Overnight cultures were diluted 1:25 and grown to log phase at 30°C. Three microliters of 10-fold serial dilutions of each culture in water were spotted on yeast extract-peptone-dextrose (YEPD) and SDϪUra plates. Plates were incubated at 30°C for 2 to 3 days and photographed using a Nikon digital camera.
RESULTS

Purification of Sir3 and Sir4 proteins.
In order to define the composition of silencing complexes and identify other proteins that may be associated with the Sir proteins, we used the TAP approach to isolate each of the Sir proteins from yeast extracts. In this approach, two protein A repeats and a CBP, interrupted by the tobacco etch virus protease recognition site, are fused to the protein of interest and used for sequential affinity purification on resins containing immobilized immunoglobulin G and calmodulin, respectively (47) .
We constructed yeast strains in which the endogenous copies of SIR2, SIR3, or SIR4 were replaced with modified versions encoding a TAP tag fused to the C terminus of each protein.
The tagged proteins were fully functional as assayed for telomeric, mating type, or rDNA silencing. Whole-cell yeast extracts were prepared from strains carrying the tagged proteins and an untagged control strain under mild lysis conditions. Purification from the Sir3-TAP strain yielded a single doublet of approximately 130 kDa, which was identified by mass spectrometry analysis as Sir3 (Fig. 1A ). Under our purification conditions, nearly no contaminating proteins were present in the final purified fractions after elution from the calmodulin column, as shown in the no-tag control purification (Fig. 1A) . Occasional contaminants, such as the 26-and 17-kDa bands in the control purification, were identified as tobacco etch virus protease and ribosomal protein L12 (Rpl12A) (Fig. 1A , left panel, lane 3). The Sir3-TAP preparation contained substoichiometric amounts of at least one other protein, the possible physiological significance of which is being investigated (A. D. Rudner, unpublished results). However, no other proteins copurified with Sir3 at near stoichiometric ratios, suggesting that Purification from the Sir4-TAP strain yielded two major proteins of approximately 190 and 64 kDa and a minor 70-kDa species (Fig. 1B) . Mass spectrometry sequencing identified the 190-kDa species as Sir4 and the doublet at 64 kDa as Sir2. The minor species at 70 kDa was identified as a yeast hsp70 family protein (Ssb1), which we believe is a contaminant (Fig. 1B , denoted by asterisk). Purification of Sir2-TAP resulted in isolation of both Sir4 and components of the RENT complex (Net1 and Cdc14; data not shown). Purified Sir3-TAP and Sir4-TAP were analyzed by gel filtration chromatography and found to migrate with relatively large apparent molecular sizes, Ϸ450 kDa and Ϸ700 kDa, respectively, similar to their sizes in yeast extracts (Fig. 1C and data not shown). Together with previous observations, these experiments show that the core telomeric/HM silencing complex in budding yeast is composed of a Sir2/Sir4 heteromer that associates with a Sir3 multimer during assembly on chromatin. These data also suggest that the binding of the Sir2/Sir4 complex to chromatin may be separable from Sir3 binding during silent chromatin assembly.
Requirement for SIR2, SIR3, and SIR4 in assembly of yeast silent chromatin. To further study the mechanisms of silent chromatin assembly, we performed chromatin immunoprecipitation experiments using affinity-purified antibodies that recognize the Sir2, Sir3, and Sir4 proteins. Our experiments were aimed at studying the interaction of each protein with a number of silent chromatin regions, including silencers ( Fig. 2A) . Silencers are discrete DNA sites that bind to a combination of DNA-binding proteins that directly recruit the Sir proteins to DNA (12, 51, 63) . By investigating the association of silencing proteins with silencers, our experiments distinguish between requirements for initial association with chromatin from requirements for the more extensive association of silencing factors with chromatin that involves their spreading along the chromatin fiber.
The loci investigated in our experiments included DNA regions surrounding the E silencer elements of HML and HMR, regions within each HML and HMR, regions from 0.35 to 2.8 kb from the right telomere of chromosome VI, and DNA regions throughout the rDNA ( Fig. 2A) . The nonsilenced MAT locus, ACT1, GAL1, and CUP1 were used as controls. The association of each protein with the above regions was assessed by quantification of phosphorimager data of DNA products obtained by PCR amplification using region-specific pairs of primers in the presence of a 32 P-labeled nucleotide (23, 33, 58) . Previous chromatin immunoprecipitation experiments have shown that the Sir2, Sir3, and Sir4 proteins are associated with DNA fragments throughout silent chromatin domains (23, 55) . We found that Sir2, Sir3, and Sir4 were associated with HML␣ and HMRa and with DNA fragments at distances of 0.6, 1.4, and 2.8 kb from the telomere, in agreement with previous results (23, 55) (Fig. 2C, lanes 1, 5, and 9) . Neither protein showed a significant association above background with control DNA fragments such as GAL1 (Fig. 2C and data not shown). Also, consistent with previous results (55), the association of each Sir2, Sir3, and Sir4 with HML␣, HMRa, and telomeric DNA fragments from 0.6 to 2.8 kb on the right arm of chromosome VI depended on the presence of a wild-type copy of SIR2, SIR3, and SIR4, as deletion of each gene resulted in a nearly complete loss of binding of the other two proteins to DNA (Fig. 2C , lanes 2 to 4, 5 to 7, and 9 to 12).
However, for DNA fragments that encompassed silencers, we observed significant binding in strains that carried single deletions of each of the SIR genes (Fig. 2B) . Specifically, we detected weak binding of Sir2 to both the HML-E and HMR-E silencers in sir3⌬ cells but not in sir4⌬ cells, and weak binding of Sir3 to the silencers in sir2⌬ cells but not in sir4⌬ cells (Fig.  2B, lanes 2 to 4 and 6 to 8) . Strikingly, Sir4 was significantly associated with silencers in the absence of either Sir2 or Sir3. Similar but weaker association of each protein was observed with a DNA fragment 0.35 kb from the end of chromosome VI (Fig. 2B, bottom panel) , the closest chromosome VI-R DNA fragment not including the repetitive Rap1 binding sites ( Fig.  2A) . Thus, Sir4 can partially associate with silencers in the absence of Sir2 and Sir3. Moreover, partial association of each Sir2 or Sir3 with silencers can occur independently of each other but requires Sir4. At the rDNA repeats, as reported previously, association of Sir2 with DNA occurred independently of either Sir3 or Sir4 (17) (Fig. 2D, lanes 1 to 4) . In sir4⌬ cells, the Sir3 protein has been shown to localize to the nucleolus in a Sir2-dependent manner (17) . Localization of Sir3 to rDNA can also be detected by chromatin immunoprecipitation and requires Sir2 (Fig. 2D, lanes 5 to 8) . However, we also observed low levels of association of Sir3 with rDNA in cells carrying a wild-type copy of SIR4 (Fig. 2D, lane 5) ; similarly, low levels of Sir4 were associated with rDNA in a Sir2-dependent fashion (Fig. 2D,  compare lanes 9 and 10) .
Requirement for enzymatic activity of Sir2 in association of Sir proteins with chromatin. We wished to know whether the requirement for Sir2 in Sir3 and Sir4 binding reflected a requirement for an enzymatic function of Sir2 or a structural one. To distinguish among these possibilities, we analyzed the association of each Sir protein with the DNA fragments shown in Fig. 2A in cells containing either wild-type SIR2 or the sir2-H364Y allele, which encodes an enzymatically inactive Sir2 protein that is still able to associate with Sir4 and Net1 (60). Consistent with our previous observations (60), in cells containing the sir2-H364Y allele, the association of Sir2 with a DNA fragment at 0.6 kb from the telomere was greatly reduced (Fig. 3A, lanes 10 to 12) . Moreover, in the H364Y mutant strain, the association of Sir3 and Sir4 with this telomeric DNA fragment and the association of all three proteins with DNA fragments at 1.4 and 2.8 kb from the telomere and with the HML locus was greatly diminished to levels that were the same or slightly higher than that observed in sir2⌬ cells ( Fig. 3A and B, lanes 10 to 21) . Similar results were obtained with a different catalytic site mutation in Sir2 that converts the conserved glycine 262 to alanine (sir2-G262A) (Fig. 3A and B, lanes 1 to 9, and data not shown). Like sir2-H364Y, this mutation abolishes the enzymatic activity of Sir2 in vitro and all silencing in vivo (61; J. C. Tanny, unpublished observations). In both sir2-H364Y and sir2-G262A cells, higher-than-background levels of Sir2 were associated with DNA fragments encompassing the HML-E silencer or at 0.6 kb from the telomere (Fig. 3A and B, compare lanes 3 and 1 and lanes 12 and 10), suggesting that activity is not absolutely required for initial binding of Sir2 to the silencer. Quantification of the chromatin immunoprecipitation data from at least two independent experiments showed that, on average, the Sir2, Sir3, and Sir4 proteins bound three to five times more DNA at 0.6 to 1.4 kb from the telomere in SIR2 strains compared to sir2⌬ and sir2-H364Y strains. Thus, the enzymatic activity of Sir2 is required for the efficient binding of the Sir2, Sir3, and Sir4 proteins to the HM and telomeric silent chromatin regions, especially when these regions are distal from nucleation sites.
In contrast to what we observed for the telomeres and the HM loci (Fig. 3) , the Sir2-H364Y protein associated with rDNA with an efficiency close to that of wild-type Sir2 (Fig. 4A,  compare lanes 5 and 6) . Quantification of the phosphorimager data in Fig. 4A showed that the efficiency of cross-linking for Sir2-H364Y to various rDNA fragments was between 69 and 88% of that of wild-type Sir2. Based on these and previous observations demonstrating that the Net1 and Cdc14 proteins localize to rDNA independently of Sir2 (57; D. Moazed, unpublished observations), we conclude that the RENT complex localizes to rDNA independently of interactions involving Sir2 or its enzymatic activity.
Since enzymatically inactive Sir2 associated with rDNA with wild-type efficiency, we wished to test whether association of Sir2 with rDNA was sufficient for recruitment of Sir3 to rDNA or, alternatively, whether Sir2 activity played a role in Sir3 recruitment. As expected from previous immunofluorescence localization studies (17) , deletion of SIR4 resulted in an increase in association of Sir3 with rDNA fragments (Fig. 4B , lanes 5 and 6; also see Fig. 2D, lanes 5 and 8) . This association was abolished in both sir2⌬ and sir2-H364Y cells (Fig. 4B , compare lane 6 with lanes 7 and 8; Fig. 2D, lane 6) . Thus, the enzymatic activity of Sir2, not just its binding to rDNA, is required for the association of Sir3 with rDNA.
The requirement for the enzymatic activity of Sir2 in the localization of Sir3, a histone H3 and H4 binding protein, to rDNA raised the possibility that, similar to their role in telomeric/HM silencing, histone H3 and H4 N termini may be required for rDNA silencing. In order to test this possibility, we assessed the efficiency of rDNA silencing in cells in which the endogenous copies of genes encoding the H3 and H4 histones have been deleted and replaced with H3 and H4 mutants containing either an H3 N-terminal deletion removing amino acids 4 to 30 (h3⌬4-30) or a lysine 16 to glutamine mutation in H4 (h4K16Q). rDNA silencing was assessed using cells in which a modified URA3 reporter gene (mURA3) is inserted within the rDNA locus (53) .
In wild-type cells, this reporter is silenced, resulting in loss of growth on medium lacking uracil (Fig. 4C, row 2) (53) . In contrast, when the same reporter gene was inserted at a nonsilenced locus (within the HIS3 gene), growth on medium lacking uracil was observed (Fig. 4C, rows 1 and 6 ). Strains   FIG. 3 . Enzymatic activity of Sir2 is required for association of Sir2, Sir3, and Sir4 proteins with telomeric DNA regions and the HML mating type locus. (A and B) Chromatin immunoprecipitation was carried out from a sir2 deletion strain (sir2⌬), a SIR2 wild-type strain (SIR2 ϩ ), and strains containing sir2 alleles that encode enzymatically inactive Sir2 proteins (sir2-H364Y and sir2-G262A) with anti-Sir2, anti-Sir3, and anti-Sir4 antibodies. Panels show phosphorimager data of PCR amplifications corresponding to input (WCL) and immunoprecipitated chromatin for the indicated regions of the VI-R telomere and the HML locus. The following strains were used: DMY1865 (sir2⌬), DMY1866 (SIR2 ϩ ), DMY1865 (sir2-H364Y), and DMY1867 (sir2-G262A). See Fig. 2A for locations of primers.
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Sir COMPLEXES AND YEAST HETEROCHROMATIN ASSEMBLY 4173 containing a deletion of the H3 tail (h3⌬4-30) or the lysine 16 to glutamine (h4K16Q) mutation in histone H4 each displayed a dramatic loss of rDNA silencing, as evidenced by increased growth on medium lacking uracil (Fig. 4C , compare rows 4 and 5 with row 2). Loss of rDNA silencing in these strains was similar to the loss observed in sir2⌬ cells (Fig. 4C , compare rows 4 and 5 with row 3) (53). As additional controls, all strains grew well on complete medium (Fig. 4C, left panels) , and the histone mutations had no effect on growth rate on medium lacking uracil when the reporter gene was inserted at the nonsilenced HIS3 locus (Fig. 4C, rows 8 to 10 ). These results indicate that histone H4-lysine 16 and the N terminus of histone H3 are absolutely required for rDNA silencing. Enzymatic activity of Sir2 and subnuclear localization of the Sir proteins. The Sir2, Sir3, and Sir4 proteins are localized to regions near the nuclear periphery that reflect their association with clusters of several telomeres (17, 44) . The characteristic telomeric foci corresponding to Sir2-GFP were lost in strains containing the enzymatically inactive Sir2-H364Y-GFP protein (compare Fig. 5A and D) . Similarly, the telomeric foci of Sir3-GFP and GFP-Sir4 observed in SIR2 cells (Fig. 5B and C) became dispersed throughout the nucleus in cells containing the sir2-H364Y allele (Fig. 5E and F) . However, although Sir4-GFP appeared more dispersed in sir2-H364Y cells, some Sir4-GFP foci remained visible (Fig. 5F ), possibly reflecting the partial association of Sir4 with silencers and DNA fragments immediately adjacent to the chromosome end that occurs independently of Sir2 (Fig. 2 and 3) . In contrast to loss from telomeric foci, Sir2-H364Y-GFP remained localized to the nucleolus in a fashion similar to wild-type Sir2 (Fig. 5G to N) . Together with the chromatin immunoprecipitation data in Fig.  3 and 4, these results show that the enzymatic activity of Sir2 is ϩ , and sir2-H364Y strains carrying either wild-type SIR4 or sir4⌬ is shown. (C) Loss of rDNA silencing in histone H3 and H4 mutants. Tenfold serial dilutions of wild-type or histone mutant strains were plated on complete medium or medium lacking uracil (SDϪUra), and plates were photographed after 2 to 3 days of growth at 30°C.
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dispensable for its localization to rDNA and the nucleolus but is required for efficient localization of the Sir2, Sir3, and Sir4 proteins to telomeric foci. Deacetylation of histone H4 in silent chromatin correlates with the binding of an enzymatically active Sir2 to DNA. The ability of Sir2 to deacetylate histones in vitro together with the association of Sir2 with silent chromatin domains and with histone-binding proteins Sir3 and Sir4 strongly suggest that histones are in vivo targets of deacetylation by Sir2. We used antibodies that recognize the acetylated tail of histone H4 in order to test whether the enzymatic activity of Sir2 is required for H4 hypoacetylation in silent chromatin. We observed a marked increase in levels of HMR-E, HML-E, and subtelomeric DNA (0.6, 1.4, and 1.4 kb from telomeres) associated with the anti-acetyl-H4 immunoprecipitates from sir2⌬, sir2-H364Y, and sir2-G262A strains compared to immunoprecipitates from the isogenic SIR2 wild-type strain, indicating that histone H4 associated with these regions was hypoacetylated in a Sir2-and Sir2 activity-dependent fashion (Fig. 6A and B,  lanes 1 to 8) .
Acetylation of H4 in the sir2-H364Y strain was consistently lower than in the sir2⌬ and sir2-G262A strains (Fig. 6A and B,  lanes 2 to 4) . This difference is likely to indicate that the Sir2-H364Y protein retains some activity in vivo and is consistent with the trace amounts of activity that are observed with this mutant protein in in vitro deacetylation assays (61) . Interestingly, we observed weak but reproducible hypoacetylation of H4 associated with DNA that encompassed the HMR-E or HML-E silencer in sir3⌬ strains (Fig. 6A, lane 7) . Low levels of Sir2 and Sir4 were bound to silencers in a Sir3-independent manner (Fig. 3B) , and this may be sufficient for partial deacetylation of silencer-proximal nucleosomes. Hypoacetylation of histone H4 therefore correlates with the binding of an enzymatically active Sir2 to DNA.
Since enzymatically inactive Sir2 localizes to rDNA with nearly wild-type efficiency (Fig. 4A) , the possible role of Sir2 in hypoacetylation of histones associated with rDNA chromatin can be evaluated independently of the localization of Sir2 itself to rDNA. About twofold higher levels of rDNA nontranscribed spacer region fragments were precipitated with an antiacetyl-H4 antibody using chromatin isolated from sir2⌬, sir2-H364Y, or sir2-G262A cells compared to a SIR2 wild-type strain, indicating that histone H4 was hypoacetylated in rDNA in a SIR2-and Sir2 activity-dependent manner (Fig. 6C and data not shown). As controls, the anti-acetyl-H4 immunoprecipitates from sir2⌬ cells did not contain higher levels of the transcriptionally active ACT1 and MAT loci (Fig. 6D) . Thus, the enzymatic activity of Sir2, not just its binding to DNA, is required for hypoacetylation of H4 in rDNA chromatin.
DISCUSSION
The results presented here provide new insight into the nature of yeast silencing complexes and their mechanism of assembly on chromatin. Specifically, our data (i) demonstrate that the apparently large Sir3 and Sir4 complexes are composed of Sir3 and of Sir2 and Sir4, respectively, (ii) suggest that silencing proteins assemble at HM loci and telomeres in a stepwise fashion, with binding of the Sir2/Sir4 complex to sites that initiate silencing as the first step in this process, (iii) show FIG. 5 . Enzymatic activity of Sir2 is required for localization of Sir2, Sir3, and Sir4 proteins to telomeric foci but not for localization of Sir2 to the nucleolus. The localization of Sir2-GFP, Sir3-GFP, and Sir4-GFP in cells containing either wild-type SIR2 (A to C, DMY1247, DMY2165, and DMY2167, respectively) or the enzymatically inactive sir2-H364Y (D to F, DMY1249, DMY2166, and DMY2168, respectively) is shown. Panels A and D show the localization of Sir2-GFP and sir2-H364Y-GFP, respectively. Colocalization of Sir2-GFP (G to J, DMY1247) and sir2-H363Y-GFP (K to N, DMY2164) with the nucleolar marker Nop1 confirms that Sir2-H364Y-GFP is localized to the nucleolus. See Table 1 for strains.
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Sir COMPLEXES AND YEAST HETEROCHROMATIN ASSEMBLY 4175 that the enzymatic activity of Sir2 is required for association of each Sir2, Sir3, and Sir4 with HM and telomeric DNA regions that are distal from nucleation sites but not for the association of Sir2 with rDNA, (iv) show that the N termini of histones H3 and H4 are required for rDNA silencing, and (v) show that hypoacetylation of histone H4 within silent chromatin domains correlates with the binding of an enzymatically active Sir2 to DNA. The implications of these results for the mechanism of gene silencing in yeast and its relationship to silencing in other systems will be discussed below. Purification of Sir3 and the Sir2/4 complex. The first clues for the existence of a Sir complex came from genetic interactions among the SIR2, SIR3, and SIR4 genes (48) . Although subsequent biochemical and two-hybrid experiments uncovered a number of protein-protein interactions involving the Sir2, Sir3, and Sir4 proteins, a Sir complex had never been purified to homogeneity and its composition has remained in question. For example, based on fractionation of yeast extracts and partial purification of Sir2-containing complexes, a recent study proposed that Sir2 exists in a complex with Sir4 that may contain several other proteins (16) . Affinity purification of the Sir proteins shows that the composition of these complexes is surprisingly simple (Fig. 1) . The large apparent size of the Sir proteins in gel filtration experiments may result from either a large molecular radius or the presence of multiple copies of each protein in these complexes (Fig. 1C) (also see reference 15) .
Consistent with previous studies, our purification of Sir3 and Sir4 shows that the Sir2/Sir4 complex (heretofore referred to as the Sir2/4 complex) does not contain any Sir3 and that purified Sir3 is devoid of Sir2 and Sir4. Therefore, although the Sir3 and Sir4 proteins can interact physically, they do not form a stable complex in solution and may only interact during assembly on DNA (16, 41) . The demonstration that Sir2/4 can bind to silencers independently of Sir3 is also consistent with these biochemical purifications (Fig. 2, and see below) . In addition to Sir2 and Sir3, the Sir4 protein has been shown to interact with a number of other proteins in two-hybrid or affinity column experiments, which are involved in either recruiting the Sir2/4 complex to DNA or regulating the efficiency of silencing, including Rap1, Ubp3, Dot4, and Sif2 (9, 28, 40, 42) . None of these proteins is stably associated with Sir4 even under the relatively mild and rapid purification conditions employed in our experiments.
Distinct steps in assembly of yeast silent chromatin. Our studies suggest the existence of distinct steps in the assembly of silent chromatin domains in yeast. These steps are revealed by examining the interaction of the Sir2, Sir3, and Sir4 proteins with silencers in cells that carried deletions of individual SIR genes. Silencers are ideally suited for this purpose because they are distinct, nonrepetitive sites for nucleation of silent chromatin. Similar experiments examining the role of individual Sir proteins in nucleation of silent chromatin at telomeres are problematic because telomeric repeats, which are required for nucleation of silent chromatin, are composed of short repetitive sequences not suitable for detection by PCR-based assays. Previous studies examining the role of individual Sir proteins in assembly of silencing factors on chromatin did not include sites that are involved in nucleation of silent chromatin (23, 55) . As a result, in these studies, deletion of any one of the SIR genes completely abolished binding of all three, Sir2, Sir3, and Sir4, to DNA sites distal from silencers and chromosome ends.
We found that the association of Sir2, Sir3, and Sir4 proteins with silencers can occur in steps that do not require all three proteins (Fig. 2) . First, Sir4 can bind to silencers independently of both Sir2 and Sir3, while the binding of Sir2 and Sir3 to silencers is absolutely Sir4 dependent. This result places Sir4 as the most upstream factor in the assembly process. The role of Sir4 in HM/telomeric silencing is reminiscent of the role of Net1 in rDNA silencing. Like Net1, Sir4 can associate with chromatin independently of Sir2, but Sir2 requires Sir4 for its association with silencers. Second, Sir2 and Sir3 can each weakly bind to silencers independently of each other. However, this binding absolutely requires Sir4.
Since Sir2 is part of a stable complex with Sir4, the simplest explanation for these observations is that the Sir2/Sir4 complex is recruited to DNA via interactions that involve Sir4 (Fig. 7A,  step 1) . The Sir4 protein has previously been shown to interact with silencer and telomere binding proteins such as Rap1 (42) . Although the Sir3 protein can interact with Rap1 in two-hybrid and pulldown assays, it does not detectably associate with silencers or telomeres in the absence of Sir4 (Fig. 2A) . We therefore propose that Sir4 plays a primary role in recruitment of Sir3 to DNA. Initial Sir3 recruitment is Sir2 independent, as revealed by the weak association of Sir3 with silencers in sir2⌬ cells, indicating that this Sir3-silencer association is unlikely to require Sir2-dependent histone deacetylation. Enzymatic activity of Sir2 and assembly of silencing complexes on chromatin. At telomeres and the HM loci, one primary outcome of the enzymatic activity of Sir2 is to promote the stable association of the Sir2/4 complex and Sir3 with chromatin ( Fig. 3) . Our findings are consistent with a model in which the enzymatic activity of Sir2 is required for steps beyond the initial interaction of silencing proteins with silencers or sites that are immediately adjacent to telomeric repeats. In this model, initial binding to nucleation sites would occur independently of Sir2 (Fig. 7A, step 1 ), but spreading of the Sir proteins along the chromatin fiber would require Sir2 and its enzymatic activity (Fig. 7A, steps 2 and 3 ).
Sir3 and particularly Sir4 can associate with silencers in sir2⌬ cells (Fig. 2) , but the magnitude of Sir3 and Sir4 binding to silencers in sir2⌬ cells is reduced compared to that in SIR2 ϩ cells. This may indicate that Sir2 activity also contributes to the stable binding of silencing complexes to silencers. However, increased binding of Sir4 to silencers in SIR2 ϩ cells is likely to result from the limited resolution of the chromatin immunoprecipitation assay. Since chromatin immunoprecipitation is performed from samples containing DNA fragments with an average size of Ϸ500 bp (100 to 1,000 bp), some increase in the immunoprecipitation of silencer DNA is expected to result from the spreading of the Sir proteins to DNA regions that flank the silencers. For example, binding of Sir4 to DNA regions adjacent to the silencer in SIR2 ϩ cells would result in immunoprecipitation of these DNA regions as well as silencer DNA.
A direct role for histone tails in promoting the association of the Sir2, Sir3, and Sir4 proteins with chromatin is supported by previous studies showing that histone tail mutations disrupt the binding of the Sir proteins to telomeric DNA regions (23) . In the model presented in Fig. 7A , a primary role of histone deacetylation (and other enzymatic activities that are coupled to deacetylation) is to promote the stable binding and spreading of the Sir proteins to the HM loci and telomeres. In this model, although deacetylation may directly promote chromatin condensation and gene repression, it also functions to control the stepwise association of histone-binding proteins with chromatin. In fact, this latter function may be the critical outcome of histone deacetylation and other covalent modifications that are coupled to histone-binding proteins.
The assembly model proposed here is similar to the recently described assembly process for the HP1/Swi6-based silencing mechanisms in metazoans and fission yeast, where methylation of histone H3 lysine 9 by Clr4 in Schizosaccharomyces pombe and SUV39H1 in mammalian cells creates binding sites for the Swi6 and HP1 proteins, respectively (4, 34, 43, 46 ; reviewed in reference 25). Therefore, a conserved aspect of gene-silencing mechanisms may involve the direct physical association of histone-modifying enzymes with proteins that recognize and bind to such modified histones (39) .
In contrast to the situation at the HM loci and telomeres, the enzymatic activity of Sir2 appears to play only a minor role in the stable association of Sir2 with rDNA. For DNA fragments throughout most of the rDNA repeat, we observed a similar level of cross-linking for wild-type Sir2 and Sir2-H364Y, an enzymatically inactive version of Sir2. We have previously shown that the Net1 subunit of the RENT complex associates with rDNA independently of Sir2 (57) . Together with our present observations, these results suggest a distinct mechanism for assembly of silencing complexes at rDNA, which is presented schematically in Fig. 7B . In rDNA, the RENT complex assembles on chromatin independently of Sir2 activity FIG. 7 . Model for assembly of silent chromatin domains in yeast. (A) Assembly of the Sir complex at silencers and telomeres is proposed to occur in a stepwise fashion involving at least three steps: transient binding, stable association, and spreading of the Sir proteins. In step 1, the Sir2/4 heterodimer transiently binds to the silencer or the telomere via interactions with Rap1/Sir1 and Rap1/yKu70, respectively. This binding does not require the enzymatic activity of Sir2 and is independent of Sir3. In fact, Sir4 can bind to silencers in sir2⌬ and sir3⌬ cells (see Fig. 2 ). The association of Sir3 with the silencer can also occur independently of Sir2 but requires Sir4. The Sir4 interactions with the silencer-and telomere-bound factors are based on two-hybrid assays (42, 63, 64) . Stable association of the complex with chromatin (step 2) and spreading (binding to regions distal from nucleation sites, step 3) requires all three Sir proteins and the NAD-dependent deacetylation activity of Sir2 (23; this study). (B) Stable association of Sir2 with rDNA requires Net1 but does not require the NAD-dependent deacetylase activity of Sir2 and probably occurs in the absence of deacetylation (step 1) (57; this study). An unknown protein(s) is likely responsible for targeting Net1/Sir2/Cdc14 to rDNA and plays a role analogous to that of silencer and telomere binding proteins. Sir2 activity is required for rDNA silencing and hypoacetylation of histone H4 associated with rDNA (step 2). ADPRAc, O-acetyl-ADP-ribose.
Sir COMPLEXES AND YEAST HETEROCHROMATIN ASSEMBLY 4177 (Fig. 7B, step 1) . Deacetylation of histones and/or another outcome of the activity of Sir2 (Fig. 7B, step 2 ) then results in chromatin structural changes that either are directly responsible for silencing or promote a later step required for this process. Sir2 activity may also regulate the spreading of the RENT complex in rDNA, since in sir2-H364Y cells the crosslinking of Sir2 to a DNA fragment within the 25S rRNA coding regions is diminished (Fig. 3A) . However, the magnitude of any such spreading is relatively small, as the amount of Sir2 bound to rDNA regions outside of the nontranscribed spacer region is only about twofold above background (Fig. 3A) . The validity of the above conclusions requires that the point mutations employed in our experiments abolish the enzymatic activity of Sir2 without affecting its stability or interaction with other proteins. Three lines of evidence support a specific role for histidine 364, one of the point mutations used in our studies, in substrate binding. First, this mutation has no effect on the levels of Sir2 in yeast extracts or its interaction with Sir4 and Net1, two proteins with which Sir2 is known to interact (60) . Second, histidine 364 is conserved in all Sir2-like proteins (5, 14) . Such conservation suggests that this residue is involved in important catalytic or structural functions rather than in species-or locus-specific targeting interactions. Third, and perhaps most important, in the recently described crystal structures of two Sir2-like proteins (the archaeal Sir2Af and the human SIRT2), the corresponding histidine residue is one of the conserved amino acids that forms the binding site for NAD in these enzymes (11, 38) . In the archaeal Sir2Af, histidine 116, which is analogous to H364 in yeast Sir2, makes a hydrogen bond with the 2Ј-hydroxyl of nicotinamide ribose in NAD (38) . We therefore believe that the Sir2-H364Y mutant protein used in our studies is unlikely to perturb protein-protein interactions that involve Sir2, but instead has a specific defect in substrate binding or catalysis.
Finally, in support of the above arguments, we obtained similar results using a different point mutation that converts the conserved glycine 262 within the NAD binding site of Sir2 to alanine (Fig. 3D ) (G. J. Hoppe, J. C. Tanny, and D. Moazed, unpublished observations). As is the case with the sir2-H364Y mutation, the sir2-G262A mutation abolishes both the in vitro NAD-dependent deacetylase activity of Sir2 and in vivo silencing (61; J. C. Tanny, unpublished observations).
Sir2-dependent hypoacetylation of histone H4. A large body of evidence suggests that histones are among the in vivo targets of deacetylation by Sir2 (6, 20, 24, 55) . However, acetylation of a number of nonhistone proteins has recently been shown to play a role in the regulation of transcription (37, 65 ; reviewed in reference 32). For the Rpd3 class of histone deacetylases, the strongest evidence that histones are their in vivo targets comes from studies in which Rpd3 is artificially tethered to DNA via fusion to a heterologous DNA-binding protein and shown to deacetylate nucleosomes that are proximal to the tethering site (27) . An enzymatically inactive version of Rpd3 is used as a control for indirect effects that may be caused by steric hindrance (27) . In our experiments, we observed an analogous correlation between the binding of an enzymatically active Sir2 to its natural sites of action and histone H4 deacetylation in the same regions. For example, Sir2 can bind weakly to silencers in the absence of Sir3, and this weak binding correlates with weak histone H4 hypoacetylation, which is particularly evident for the HML-E silencer (Fig. 6A, lane 7) . This result separates the effect of Sir2 binding from the requirement for its enzymatic activity in H4 deacetylation. Maximal deacetylation, however, correlates with maximal binding, which is only observed in cells containing wild-type copies of Sir2, Sir3, and Sir4 (Fig. 6A, lanes 1 and 5) .
A similar situation occurs in the rDNA, where an enzymatically inactive version of Sir2 binds to rDNA with nearly wildtype efficiency but fails to deacetylate H4. Here again, deacetylation correlates with Sir2 activity and not Sir2 binding, supporting the hypothesis that H4 is a direct target of deacetylation by Sir2 in vivo. The magnitude of the Sir2-dependent hypoacetylation of H4 in rDNA is relatively small (1.6-to 2.4-fold). We believe that this is due to the fact that in exponentially growing cells, about half of the rDNA repeats are actively transcribed, accounting for nearly 60% of total cellular transcription activity. Histones associated with these active repeats are expected to be highly acetylated in a manner that is unlikely to be affected by Sir2. Therefore, any effect of Sir2 on histone acetylation levels in rDNA is assessed against this background, which would limit the maximum magnitude of the effect to about twofold.
Role of histones H3 and H4 in rDNA silencing. The requirement for the enzymatic activity of Sir2 in rDNA silencing (24) , the sensitivity of rDNA silencing to a reduction in the dosage of histones H2A and H2B (8) , and increased accessibility of rDNA to micrococcal nuclease and dam methyltransferase in sir2⌬ cells (13) all suggest that rDNA silencing involves changes in chromatin structure. The role of the histone H3 and H4 amino termini in rDNA silencing has not been evaluated despite their requirement for silencing at telomeres and the HM mating type loci. The results presented here show that the amino termini of histones H3 and H4 are required for rDNA silencing. Their role in rDNA silencing, however, particularly the requirement for the N terminus of histone H3, appears to be distinct from that described for telomeres and the HM loci.
For example, the N terminus of histone H3 plays an essential and nonredundant role in rDNA silencing (Fig. 3C ), but the same H3 N-terminal tail deletion (amino acids 4 to 30) results in only a modest decrease in telomeric silencing and causes a reduction in HM silencing only when combined with other mutations (62) . Together, these results suggest that the H3 N terminus plays a more important role in rDNA silencing than in telomeric and HM silencing. Lysine 16 of histone H4, on the other hand, appears to be similarly important for both rDNA silencing (this study) and telomeric/HM silencing (26, 62) . This is perhaps surprising, since this residue is thought to form part of the Sir3 binding site at the telomeres and HM loci (23) , and although Sir3 can localize to rDNA, its deletion results in only a modest reduction in the efficiency of rDNA silencing (G. J. Hoppe and D. Moazed, unpublished observations) and does not affect rDNA recombination rates (18) . These observations raise the possibility that Sir2-dependent deacetylation of histones H3 and H4 in rDNA creates a binding site for an as yet unidentified protein with a histone-binding activity that is similar to that of Sir3. We propose that the association of Sir3 with rDNA results from a competition between Sir3 and a histonebinding protein that may perform a redundant function with Sir3 at rDNA.
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rDNA chromatin? Although the function of Sir3 at the nucleolus is not understood, knowledge of its mechanism of localization to the nucleolus and rDNA may provide general insight into its mode of assembly on silent chromatin domains. Here we have shown that Sir2 activity, and not just Sir2 localization to rDNA, is required for the association of Sir3 with rDNA chromatin (Fig. 4 ). An intriguing possibility is that the combination of specific lysine residues (on histones or other proteins) that are deacetylated by Sir2 creates a unique mark that can be specifically recognized by Sir3. Alternatively, another aspect of Sir2-dependent deacetylation activity, such as 2Ј,3Ј-O-acetyl-ADP-ribose synthesis, may trigger Sir3-chromatin association. At the rDNA repeats, one of these events may be sufficient for weak association of Sir3 with chromatin; at the HM loci and telomeres, the more stable and extensive binding of Sir3 to chromatin is likely to involve additional interactions, such as Sir3-Sir4 interactions (Fig. 7) .
